The low nutritional value of barley for poultry is because of the absence of an intestinal enzyme for efficient depolymerization of (1,3-1,4)-␤-glucan, the major polysaccharide of the endosperm cell walls. This leads to high viscosity in the intestine, limited nutrient uptake, decreased growth rate, and unhygienic sticky droppings adhering to chickens and floors of the production cages. Consequently, the 7.5 billion broiler chickens produced annually in the United States are primarily raised on corn-soybean diets. Here we show that addition to normal barley of 6.2% transgenic malt containing a thermotolerant (1,3-1,4)-␤-glucanase (4.28 g⅐g ؊1 soluble protein) provides a weight gain equivalent to corn diets. The number of birds with adhering sticky droppings is drastically reduced. Intestines and excrements of chickens fed the barley control diet contained large amounts of soluble (1,3-1,4)-␤-glucan, which was reduced by 75 and 50%, respectively, by adding transgenic malt to the diet. The amount of active recombinant enzyme in the small intestine corresponded to that present in the feed, whereas an 11-fold concentration of the enzyme was observed in the ceca, and a 7.5-fold concentration occurred in the excrement. Glycosylation of the ␤-glucanase isolated from the ceca testified to its origin from the transgenic barley. Analysis of the data from this trial demonstrates the possibility of introducing individual recombinant enzymes into various parts of the gastrointestinal tract of chickens with transgenic malt and thereby the possibility of evaluating their effect on the metabolism of a given ingredient targeted by the enzyme.
A
ccording to the United States Department of Agriculture National Agricultural Statistics Service (1998), the yearly production of broiler chickens in the United States has increased from 5 billion birds in 1987 to 7.5 billion in 1996. The per capita consumption of chicken meat has risen from 68 to 88 pounds per year, which corresponds to an overall rise from 16.9 to 23.9 billion pounds of broiler consumption over the 10-year period. Approximately 4.4 lb of feed are needed to produce 1 lb of live chicken, and the overwhelming majority of the feed used for this meat production is based on corn grain. Barley is an unacceptable component in chicken feed, because it is low in metabolizable energy. Feeding barley diets to poultry leads to a limited uptake of nutrients, slow initial growth, and sticky droppings adhering to the cloaca and down of the chicken as well as to the floors of the production cages.
The reason for the low nutritional value of barley grain was discovered when crude fungal or bacterial enzymes, or 2.5% malt, were added to barley diets (1) (2) (3) (4) . This improved weight gain and alleviated the problems with the sticky droppings. Rickes and coworkers purified the first (1,3-1,4)-␤-glucanase from a strain of Bacillus subtilis, now designated as Bacillus amyloliquefaciens, and demonstrated a positive growth response in chickens when the purified enzyme was added to a barley diet (5) . The bacterial enzyme depolymerized barley (1,3-1,4)-␤-glucan and had the same substrate specificity as the endogenous barley enzyme (6) . Supplementation of barley diets with crude enzymes from culture filtrates of Trichoderma reesei in the form of commercial preparations GV-P (Grindsted Products, Grindsted, Denmark) and Onozuka 3S (Serva) resulted in a highly significant increase in weight gain and alleviation of sticky droppings (7) (8) (9) (10) . It thus became clear that birds lack an enzyme that can depolymerize (1,3-1,4)-␤-glucan, the major component of the barley endosperm cell walls.
T. reesei culture filtrates contain several hydrolases that depolymerize cellulose [(1,4)-␤-glucan], (1,3)-␤-glucan, and (1,3-1,4)-␤-glucan (11) (12) (13) (14) . Cloning of the structural gene for T. reesei endoglucanase I (15) identified it as a cellulase by its primary structure. Heterologous expression of the gene in barley suspension culture cells leads to its secretion into the culture medium. Mashing experiments demonstrated that this enzyme depolymerizes barley (1,3-1,4)-␤-glucan and displays considerable heat stability (16) . The mixed linked (1,3-1,4)-␤-glucan in the endosperm walls of barley consists of 90% polysaccharide chains yielding on cleavage with purified barley (1,3-1,4)-␤-glucanase cellotriosyl (G4G4G) and cellotetraosyl (G4G4G4G4) residues. These (1,4)-linked blocks of ␤-glycosyl residues are separated by single (1,3)-linkages (17) . The cellulase of Trichoderma depolymerizes the barley mixed linked ␤-glucan by hydrolyzing glucosyl 1-4 linkages within the cellotriosyl and cellotetraosyl blocks, whereas the barley and Bacillus (1,3-1,4)-␤-glucanases specifically cleave a 1-4 linkage adjacent to a 1-3-linked glucose (14, 17, 18) . This explains why all three enzymes can promote nutritional improvements of barley diets.
The (1,3-1,4)-␤-glucans in the endosperm cell walls of barley consist of two fractions, one that is water soluble at 40 -65°C, and one that is insoluble in water. The latter requires acid or alkaline hydrolysis or highly purified enzymes for depolymerization to smaller fragments that become water soluble and can then be analyzed. Woodward et al. determined the chemical structure and physicochemical properties of water-soluble barley (1,3-1,4)-␤-glucans (17) (18) (19) . These glucans consist of a population of molecules with molecular weights ranging from 10 4 to 10 7 and are responsible for the high viscosity of ␤-glucan solutions. The water-soluble ␤-glucans are the troublemakers in chicken feed, malting, and brewing (review in ref. 14) . The water-insoluble fraction does not inf luence the viscosity. One kilogram of malting or feed barley grain contains typically about 50 g (1,3-1,4)-␤-glucan when maturing under dry conditions or about 30 g when grain filling takes place under rainy conditions (20 -23) . The water-soluble portion amounts to, respectively, 10 and 5 g⅐kg Ϫ1 under the two conditions of ripening.
Burnett (24) suggested that the high viscosity per se rather than a limiting sucrose availability is the cause of the inhibitory action of barley ␤-glucans in poultry feed, and this suggestion has been investigated by White et al. (9, 10) . Addition of barley ␤-glucan to a corn-based diet increased the viscosity of the intestinal fluid 3-fold, an increase that could be reduced to control levels by supplementation with cellulases. Addition of hydroxyethyl cellulose to a basal corn diet depressed growth and feed efficiency, but added cellulase eliminated growth depression. Relative viscosity in intestinal fluid increased from 1.67 to 11.2 centipoise in the diets with hydroxyethyl cellulose, whereas further addition of cellulase resulted in a value of 3.2. If the cellulase was added to a barley diet, the body weight of the chickens at the end of the 3-week feeding period was 308 g, compared with 235 g for the control. Determination of the ␤-glucan and glucose in the small intestine led to the conclusion that the weight gain cannot result from the limited amount of glucose generated by enzymatic depolymerization of the ␤-D-glucan and supported the hypothesis that the high viscosity of the soluble ␤-glucans interferes with the diffusion of digestive enzymes and the transport of nutrients through the unstirred water layer adjacent to the mucosal surface.
Hesselman and Åman (25) have followed digestion of starch and (1,3-1,4)-␤-glucans in different sections of the intestines of chickens after treatment of the barley diet with enzymes depolymerizing (1,3-1,4)-␤-glucans. Starch digestion was impeded by the barley diet in the upper sections of the small intestine but was very extensive when the diet was treated with enzyme. No (1,3-1,4)-␤-glucan was found in the cecum of chickens with or without pretreatment of the diet with enzyme. It was suggested that this absence was because of an enhanced aggressive microbial flora that also led to the increased dry matter content of the colon. It is speculated that the products of the cecal microflora are responsible for the sticky droppings rather than the (1,3-1,4)-␤-glucans.
In a previous communication (26), we have reported on two sets of transgenic barley plants that express a synthetic codonoptimized gene encoding a protein-engineered thermotolerant (1,3-1,4)-␤-glucanase. One set produces the recombinant enzyme with the aid of an endosperm-specific gene promoter in the developing grain, the other, with an aleurone-specific ␣-amylase gene promoter during germination͞malting for secretion into the endosperm (27, 28) . The thermotolerant (1,3-1,4)-␤-glucanase H(A12-M)⌬Y13 (H, hybrid; A, amino acids from B. amyloliquefaciens; M, amino acids from Bacillus macerans) is a hybrid enzyme derived from the enzymes of the two species. It exhibits a half life of Ͼ4 h at 70°C (29) . Its primary threedimensional structure is very different from the endogenous barley enzyme, and its specific activity and V max are Ϸ200-fold higher than the barley enzyme. Its pH optimum is between 6 and 7 and thus is highly suitable for depolymerization of ␤-glucans in the duodenum, ileum, rectum, and ceca of chicken in which the pH of the contents ranges from 5.7 to 7.0 (30) . But the enzyme is also efficient at the lower pH values of 4.5 to 5.0, characteristic of the contents in the crop, glandular stomach, and gizzard of the bird.
In the present investigation, we have studied the growth of chickens fed a barley diet supplemented with malt containing the recombinant heat-stable (1,3-1,4)-␤-glucanase and have compared it to a standard corn-based diet, a barley diet without added malt, and a barley diet with addition of normal malt. The frequency of sticky droppings was recorded and ␤-glucans analyzed (31, 32) in the different portions of the gastrointestinal tract as well as in excrement. The presence of recombinant enzyme in the glandular stomach, intestine, ceca, and excrement was traced by activity measurements and diagnostic Western blots.
Materials and Methods
Experimental Animals and Conditions. The chicken trial was performed with 240 Hubbard High Yield broilers (Fors Farms, Puyallup, WA). One-day-old chicks were transferred to electrically heated Petersime Brood units with raised floors (Petersime Incubator, Gettysburgh, OH). Each of the four experimental diets was randomly distributed among 12 pens and 5 birds randomly assigned to a pen. Feed and water were available ad libitum, and 16-hr daylight was maintained. All experiments with the animals were carried out with approval from the Washington State University Animal Care and Use Committee. The Committee follows the guidelines established by the Canadian Council on Animal Care of 1980 (33) .
Diet Composition and Preparation. Chickens were fed four ground diets with the composition given in Table 1 : corn basal, barley basal (cv. Golden Promise), barley diet with malt of Golden Promise containing no ␤-glucanase, and barley diet with malt of transgenic line 5607 containing heat-stable ␤-glucanase. Malt was prepared by using microscale malting equipment available at the Department of Crop and Soil Sciences, Washington State University. Kilning was performed at 45°C for 6 h and 80°C for 4 h to deactivate the endogenous ␤-glucanase present in germinated barley. Malt was added at the expense of barley in the amount of 6.2% of the total diet.
Data Collection During Trial. The 5 birds in each pen were weighed on days 0, 6, 13, and 20. Feed consumption by individual pen was determined as difference between initial feed weight for each pen and feed weight on day of determination. Cumulative feed efficiency per chicken was calculated as ratio of weight gained to feed consumed. Dry matter of excreta was determined on days 5, 8, 11, 14, 17 , and 20 by collecting droppings and drying them for 6 h at 105°C. The number of chickens with sticky droppings adhering to down of the cloaca area was noted on the same days as excreta collection.
Collection of Intestinal Contents. On day 21 of the experiment, 192 birds were euthanized with CO 2 , and revival was prevented by cervical dislocation. After about 2 min, the abdomen was opened, and various parts of the chick gastrointestinal tract were excised from 4 chickens per pen. Pooled contents of the glandular stomach, intestine, and ceca were flush frozen in liquid N 2 and stored at Ϫ20°C.
Analyses of Experimental Diets and Intestinal
Contents. These analyses were carried out according to Association of Official Analytical Chemists methods (34) and are published as supplemental data on the PNAS web site, www.pnas.org.
Statistical Analyses. ANOVA was conducted by using the General Linear Models procedure of SAS software (35) , and treatment means were compared by least significant difference. Differences were considered significant at P Ͻ 0.05. 
Results
Analyses of Diets. The protein contents of the corn diet, the diet with Golden Promise malt, and that with malt from transgenic line 5607 containing the heat-stable (1,3-1,4)-␤-glucanase were very similar, about 22% (Table 3, The increase in weight of the chickens over the 20-day period is presented in Fig. 1 . Each point represents the average weight of 60 birds. ANOVA revealed that at day 20, the weight of broiler chickens fed barley diet with addition of malt containing heat-stable (1,3-1,4)-␤-glucanase was not significantly different from the weight of broilers fed the corn diet. The weight gain of the birds fed the barley diet was significantly slower. Chickens fed the barley diet with addition of malt containing some endogenous barley (1,3-1,4)-␤-glucanase had a growth rate intermediate between that of the birds fed the corn diet and those given the barley diet. Actual growth data are provided in Table 4 , supplemental data. Chickens fed barley diet or barley diet with Golden Promise malt addition consumed in the period from 0-20 days less feed than those on corn diet and on barley diet with added transgenic malt. Feed efficiency or gain-to-feed ratio over the 20-day period was the same for chickens fed corn, barley with added transgenic malt, or barley with added Golden Promise malt (0.68, 0.68, 0.66). The chickens fed control barley diet had a significantly lower feed efficiency (0.60). In general, feed efficiencies of 0.8 and 0.7 are considered within the normal range. The dry matter of the excrement (Table  4 , supplemental data) increased on all diets as the broiler chickens grew, with limited differences among treatments at a given day.
Number of Chickens with Adhering Sticky
Droppings. An analysis of the number of chickens with sticky droppings adhering to their down (Fig. 5, supplemental data) among the 60 on a given diet over the trial period is presented in the bar graph of Fig. 2 . Only two chickens on corn diet had sticky droppings on days 14 and 17, respectively. On the barley diet, between 15 and 17 chickens per diet had sticky droppings adhering to their cloaca region throughout the trial. Floor bonitations confirmed the extensive sticky droppings by the chickens in the pens feeding on barley diet. A significant reduction of the droppings adhering to the down is observed by supplementing the barley diet with normal barley malt. The transgenic malt-addition barley reduced the occurrence of the sticky droppings to a frequency of 2:7 among the 60 chickens on this diet at a given day. A further increase in the amount of transgenic malt added is likely to eliminate the undesirable droppings completely. grain was extractable with water at 65°C (Table 5 , supplemental data). Diets with Golden Promise and transgenic malt contained a somewhat higher amount of soluble ␤-glucans. The two malts had a low content of water-extractable ␤-glucans. The effect of the heat-stable (1,3-1,4)-␤-glucanase on the content of (1,3-1,4)-␤-glucans in different parts of the gastrointestinal tract (Fig. 6 , supplemental data) and in the excrements of chickens raised on barley diet with added transgenic malt is compared in Fig. 3 with the corresponding contents in the birds fed the barley diet without this addition. On barley diet, the intestines and the excrements contained 3.1 Ϯ 0.8 and 4.5 Ϯ 0.7 mg⅐g ␤-glucans by the enzyme is also seen in the glandular stomach and the cecum. The amount of insoluble ␤-glucans in the digesta from the glandular stomach and intestine and in the excrements of the chickens on barley diet is low (1.2, 0.9, and 0.6 mg⅐g
Ϫ1
). An effect of the enzyme is evident only in the intestine. The amount of ␤-glucans in the cecum of the broilers on barley diet is below 1 mg⅐g Ϫ1 , but the enzyme addition in the malt decreased both soluble and insoluble ␤-glucan content.
Analysis of Heat-Stable (1,3-1,4)-␣-Glucanase in the Gastrointestinal
Tract and Excrement. As illustrated (Fig. 7, supplemental data) , the amount of enzyme activity in the intestine was 0.40 g⅐g because of the limited amount of feed that was present in this stomach. The ceca, which are enlarged in broilers on barley diet compared with the size seen in the chickens on corn diet, concentrate the enzyme to an activity of 5.2 g⅐g
Ϫ1
, and the excrement accumulate high amounts of active heat-stable (1,3-1,4)-␤-glucanase. This matches with a strong reduction of the ␤-glucans in the ceca and excrements (Fig. 3) . The heat-stable ␤-glucanase was characterized by SDS͞PAGE followed by Western blotting and decoration with a specific antibody (Fig. 4 A and  B) . Purified unglycosylated enzyme expressed in Escherichia coli, and purified glycosylated enzyme from transgenic barley were used as standards. Glycosylated recombinant (1,3-1,4 )-␤-glucanase was present in the extracts from the intestine, excrement, and ceca but was absent in the ceca of birds fed corn, barley, or barley with Golden Promise malt. The limited amount of enzyme present in the glandular stomach was not revealed in the Western blot. The presence of the glycosylated enzyme in the ceca testifies to its origin from the transgenic barley and excludes the possibility that the (1,3-1,4 )-␤-glucanase is produced by the uric acid decomposing anaerobic bacteria of the ceca.
Viscosity of Digesta in the Gastrointestinal Tract. Measurements confirm that a barley diet leads to higher viscosity in the glandular stomach and intestine than does a corn diet ( Table 2 ). The addition of barley or transgenic malt reduces the viscosity in these two parts of the digestive tract. Corn diet resulted in higher viscosity of cecum contents than barley diet and barley diet with an addition of normal malt. Transgenic malt increased the viscosity of cecum contents toward and above that observed for corn diet.
Discussion
The chicken-feed trial presented in this communication demonstrates that inclusion of 6.2% transgenic malt containing a protein-engineered thermotolerant (1,3-1,4)-␤-glucanase (4.6 g⅐g The required malt corresponding in amount to feed ingredients such as fish meal, beef tallow, or dicalcium phosphate can be added to normal barley in areas that have to import grain corn and can constitute the major basis of the feed in those areas. The feed with added transgenic malt provides an alternative to the use of corn grain, which is more extensively used and is needed more as food for humans than barley. Corn grain is also 30-50% more expensive. Only 10% of the barley harvest in the United States is used as malt for beer and less than 1% for production of ingredients in human food (Washington Agricultural Statistics 1997-1998). As an example, the State of Washington produces annually 40 million broilers with imported corn grain. Using barley for raising this number of broiler chickens would require 3,400 tons of presently available transgenic malt and 280,000 tons of normal barley, i.e., Ϸ1͞3 of the barley harvest of the state. Barley is needed in Washington agriculture for crop rotation. When the transgenic barley plants that produce larger amounts of enzyme during grain maturation become available (26) , mature grain can be used as additive, and a level corresponding to the present vitamin mix will suffice. The thermostability of the enzyme allows it to survive the heat generated by pressing barley into feed pellets and pasteurization of the feed required to prevent infection of the chickens by Salmonella typhimurium.
Further trials are necessary to determine the optimal amount of transgenic malt or grain that have to be added to the diet. The barley feed used in this study contained 8 mg⅐g Ϫ1 watersoluble and 22 mg⅐g Ϫ1 insoluble (1,3-1,4 )-␤-glucan (Table 5 , supplemental data). The barley diet containing the transgenic malt had a somewhat higher soluble (12 mg⅐g Ϫ1 ) and a lower insoluble (14 mg⅐g Ϫ1 ) (1,3-1,4)-␤-glucan content. In the glandular stomach, the intestines and the excrements increasing amounts of water-soluble (1,3-1,4)-␤-glucans have been determined for birds fed barley diet without transgenic malt, whereas the insoluble content stayed more or less constant (Fig. 3) . For the interpretation of these values, one has to consider the time solid-phase food spends in various parts of the digestive tract (mean retention time). For 1,800-g broilers on corn-canola or corn-soybean diet, this is 39 min for the gizzard and glandular stomach, 191 min for the intestine, 119 min for the ceca, and 56 min for the rectum (36) . In the gizzard and glandular stomach, the feed is retained a relative short time. The concentration of the insoluble and soluble (1,3-1,4)-␤-glucans in the glandular stomach was reduced to 5 and 25% of that in the barley diet, respectively. A reduction to 13% was also registered in chickens fed the diet with transgenic malt. This reduction is possibly effected by the HCl secreted with 93 mM⅐l Ϫ1 in the stomach together with pepsinogen (30, 37) . The pH of gastric secretions in the gizzard and glandular stomach is between 2 and 3, although the contents of the stomach usually have a higher pH because of the presence of ingesta (30) . During the Ϸ3-h retention of the feed in the intestine, our data indicate a strong increase in the concentration of soluble ␤-glucans (Fig. 3) . This results from an ongoing conversion of insoluble to soluble (1,3-1,4)-␤-glucans and accumulation of the soluble part. The soluble (1,3-1,4)-␤-glucan in the intestine of the chickens on barley diet was measured to be 3.1 Ϯ 0.8 mg⅐g Ϫ1 (n ϭ 6 pens). This value was reduced to 0.83 Ϯ 0.2 mg⅐g Ϫ1 (n ϭ 6 pens) in the chickens on barley diet containing 6.2% transgenic malt (Fig. 3) . The depolymerization of the soluble (1,3-1,4)-␤-glucan was carried out by the heat-stable (1,3-1,4)-␤-glucanase present in the intestine with an activity corresponding to that in the diet. Collection of excrements over a 48-h period yielded a content of 4.6 mg⅐g Ϫ1 soluble (1,3-1,4)-␤-glucans (Fig. 3) . The stickiness of the droppings is because of the accumulation of this large amount of soluble ␤-glucans. The activity of the heat-stable ␤-glucanase effects the reduction of the soluble ␤-glucans in the excreta of chickens on barley diet with transgenic malt. The reduction was from 4.6 mg⅐g Ϫ1 (n ϭ 6 pens) to 2.3 mg⅐g
Ϫ1
(n ϭ 6 pens). Active heat-stable enzyme had accumulated in the excrement to a 7.5-fold higher concentration than in the feed (Fig. 7, supplemental data) .
Development of longer ceca is observed in birds on high-fiber diets (38) . In agreement therewith, larger ceca were observed in chickens on barley diet with higher fiber content than in birds on corn diet with lower fiber content. The main function of ceca in birds is nutritional. These ceca take part in the digestion of fine particulate matter and food fiber and in the production of volatile fatty acids, mainly acetate, propionate, and butyrate (39, 40) . Large amounts of uric acid and intestinal and urethral water are moved by peristaltis and antiperistalsis into the ceca (41) (42) (43) . Volatile fatty acids, which can reach a concentration of 125 mM, water, and ions are reabsorbed through the cecal wall into the bloodstream. A large number of different anaerobic bacteria, including Clostridium species, are present in the ceca at titers of 10 8 -10 10 ⅐g
cecal material (44) . They decompose uric acid to ammonium and ferment polysaccharides to acetate, propionate, and butyrate. The production of volatile fatty acids in the ceca can meet 11-18% of the energy needs for the bird's basal metabolism (45) . Cecectomy significantly reduces metabilization of feed, volatile fatty acid absorption, and digestibility of polysaccharides (dietary fiber) if the birds are preconditioned to a high-fiber diet (46) . The amount of soluble and insoluble (1,3-1,4)-␤-glucan in the cecum of chickens on barley diet is low but is significantly lowered by addition of transgenic malt. The 11-fold concentration of the heat-stable (1,3-1,4 )-␤-glucanase in the cecum (Fig. 7 , supplemental data) is remarkable and shows that potentially other recombinant enzymes in chicken feed can be concentrated in the cecum and used to probe enhancement of utilization of fibers other than (1,3-1,4)-␤-glucans.
Barley diets containing high amounts of ␤-glucans produce lower amounts of cholesterol in the low-density lipoprotein of the chicken blood plasma than corn diets (47) (48) (49) . Supplementation of barley diet with ␤-glucanase improved average daily chicken weight gain and increased low-density lipid cholesterol concentration as well as digestibility of lipids. In one feeding trial on barley diets with and without ␤-glucanase supplement, soluble and insoluble ␤-glucan concentrations were determined in digesta of the small and large intestines and in excrements (49) . The six-row waxy hull-less cultivar of the feed contained more than twice as much total ␤-glucans and soluble ␤-glucans as the two-row barley used in the present investigation. Insoluble ␤-glucan concentrations in the small intestine, the large intestine, and excrements of chickens on the barley diet were 101, 56, and 87 mg⅐g Ϫ1 . The enzyme supplement decreased these values to 84, 44, and 77 mg⅐g Ϫ1 . On the other hand, soluble ␤-glucans increased in the two intestine sections and excreta from the chickens on the enzymesupplemented diet, i.e., from 23 to 64 mg⅐g Ϫ1 in the small intestine, from 8 to 31 mg⅐g Ϫ1 in the large intestine, and from 30 to 58 mg⅐g Ϫ1 in the excrement. We have interpreted our results by two sequential processes: the insoluble ␤-glucans were first converted into soluble ␤-glucans, and these were subsequently depolymerized into saccharides. In the experiment of Wang et al. (49) , the enzyme addition had effected conversion of insoluble to soluble ␤-glucans but not yet a significant reduction of the accumulated soluble ␤-glucans. This may be because of a lower efficiency of the enzyme supplement or the different conditions of sampling. In our trial, the gastrointestinal track was sampled without starvation of the chickens. In the experiment of Wang et al. (49) , food was withheld overnight, and the chickens were allowed free access to diets for 1 h followed by 2 h without food before analysis. A significant conclusion can be derived from the results of the present chicken trial. It is possible to introduce an individual recombinant enzyme into various parts of the gastrointestinal tract of chickens with transgenic malt and, by inference, transgenic mature grain together with the chosen diet. It was thus possible to determine how much recombinant (1,3-1,4)-␤-glucanase accumulated in active form in the various parts of the digestive tract and what effect it had on the metabolism of (1,3-1,4) -␤-glucans. Analogously, it will be possible to study the effects of transgenic grain expressing the hybrid enzyme that combines the catalytic activity of heat-stable (1,3-1,4) -␤-glucanase with a cellulase from Erwinia carotovora. This multienzyme has been shown to depolymerize the consecutive (1,4)-␤-linked glucose units that result from the action of the (1,3-1,4)-␤-glucanase on mixed linked barley ␤-glucan (50) . The importance of arabinoxylans in chicken diets can be appropriately probed with the recombinantly expressed hybrid enzyme combining the activity of (1,3-1,4) -␤-glucanase with that of (1,4)-␤-xylanase (51 
